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Exposure of sensitized individuals to antigen can in-
duce allergic responses in the respiratory tract, man-
ifested by early and late phases of vasodilatation,
plasma leakage, leukocyte Influx, and bronchocon-
striction. Similar responses can occur in the skin,
eye, and gastrointestinal tract. The early-phase re-

sponse involves mast cell mediators and the late-
phase response is leukocyte dependent, but the
mechanism of leakage is not understood. We sought
to identify the leaky blood vessels, to determine
whether these vessels contained endothellal gaps,
and to analyze the relationship of the gaps to adher-
ent leukocytes, using biotinylated lectins or silver
nitrate to stain the cells in situ and Monastral blue as

a tracer to quantify plasma leakage. Most of the leak-
age occurred in postcapillary venules (<40-,im diam-
eter), whereas most of the leukocyte migration (pre-
dominantly neutrophils) occurred in collecting
venules. Capillaries and arterioles did not leak. Endo-
thelial gaps were found in the leaky venules, both by
silver nitrate saining and by scanning electron mi-
croscopy, and 940/o of the gaps were distinct from
sites ofleukocyte adhesion or migration. We conclude
that endothellal gaps contribute to both early and late
phases of plasma leakage induced by antigen, but
most leakage occurs upstream to sites of leukocyte
adhesion. (Am J Pathol 1998 152:1463-14 76)

Inhalation of allergen by sensitized individuals can trigger
a biphasic inflammatory response in the airways, with an
early transient response within a few minutes of the ex-
posure and a prolonged late-phase response starting 3
to 8 hours later.12 Corresponding allergic responses can
occur in the nose, skin, eye, and intestinal tract.2
Many studies have focused on changes in airflow re-

sistance and the influx of leukocytes into the airways.
However, relatively few studies have examined the con-
tribution of microvascular leakage to the inflammatory
process, although extravasation of plasma can result in

airway edema and narrowing.' 7 The early phase of
plasma leakage seems to involve the activation of mast
cells and release of diffusible inflammatory mediators.
These mediators in turn are believed to recruit leuko-
cytes, on which the late-phase plasma leakage may be
dependent.2 8

Plasma leakage produced by rapidly acting inflamma-
tory mediators such as histamine, serotonin, bradykinin,
or substance P results from intercellular gaps that form in
the endothelium of postcapillary venules.9,10 However, in
some pathological conditions where prolonged leakage
occurs, eg, after certain bacterial toxins or mild thermal or
ultraviolet light injury, arterioles and capillaries may be
involved along with venules.11
The location and mechanism of plasma leakage asso-

ciated with early or late phase plasma leakage are un-
known. One possibility is that the leakage occurs through
endothelial gaps in postcapillary venules, as in the leak-
age induced by histamine-type mediators. However, the
dependence of the late-phase plasma leakage on the
influx of leukocytes raises the possibility that the leakage
occurs at the sites where leukocytes migrate through the
endothelium. Alternatively, leakage could occur through
transendothelial holes, variously termed transcellular
openings, channels, or pores,12 by way of vesiculo-vac-
uolar organelles13 or by the transcytosis of vesicles or
caveolae.14

This study had two specific aims. First, we sought to
identify the leaky vessels and determine whether endo-
thelial gaps contribute to early- or late-phase plasma
leakage. Second, we sought to determine the relationship
of endothelial gaps to adherent or migrating leukocytes.
The model we used stemmed from our previous exper-

iments on Brown Norway rats.15 First, by comparing re-
sponses in Brown Norway, Lewis, F344, and Wistar rats,
we identified the strain that has the largest late-phase
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leakage in the respiratory tract. Next, using this strain
(Wistar rats), we measured the amount and time course
of leakage with Evans blue.15 Individual leaky blood ves-
sels were identified histologically in tracheal whole
mounts using Monastral blue as a tracer, in combination
with endothelial staining with a biotinylated lectin or silver
nitrate.10'16 These specimens were also used to localize
and quantify adherent or migrating leukocytes. Endothe-
lial gaps and sites of leukocyte migration were identified
by scanning electron microscopy (EM) and silver nitrate
staining. 10X17918

Materials and Methods

Animals
Pathogen-free Wistar male rats (Charles River, Hollister,
CA) were housed in microisolator units under barrier
conditions. The rats were 7 to 8 weeks of age and 176 to
200 g in body weight on arrival. Brown Norway and Lewis
rats (Charles River, Kingston, NY) and F344 rats (Simon-
sen Laboratories, Gilroy, CA) were also used in compar-
ative studies (n = 4 to 6 rats per group). All experimental
procedures were approved by the Committee on Animal
Research at the University of California, San Francisco.

Antigen Sensitization and Challenge

One day after arrival, rats were anesthetized with ket-
amine (50 mg/kg intraperitoneally (i.p.)) and xylazine (2
mg/kg i.p.) and were injected subcutaneously with a

suspension containing 1 mg of ovalbumin (grade V,
Sigma Chemical Co., St. Louis, MO) and 200 mg of
aluminum hydroxide (Aldrich, Milwaukee, WI) in sterile
0.9% NaCI.15 At the same time, 1 ml of Bordetella pertus-
sis vaccine (IAF Biovac, La Val, Quebec, Canada) con-
taining 8 x 109 heat-killed bacilli was injected i.p. as an

adjuvant. Unanesthetized rats were challenged 12 to 16
days after sensitization by nose-only exposure to an aero-

sol of ovalbumin for 30 minutes.15 During the challenge,
the rats were restrained in a wire net holder attached to
an ultrasonic nebulizer (DeVilbiss model 5000D, Somer-
set, PA) containing 5 ml of ovalbumin solution (5 mg/ml in
sterile 0.9% NaCI). The aerosol was propelled by a 250
ml/minute flow of type 1 grade breathing air. Control
(baseline) rats were neither sensitized nor challenged.

Measurement of Plasma Leakage
In early-phase experiments, unanesthetized rats were
given Evans blue (30 mg/kg intravenously (i.v.); EM Sci-
ences, Cherry Hill, NJ) via a lateral tail vein and were then
challenged with ovalbumin for 30 minutes. Immediately
thereafter, rats were anesthetized with sodium pentobar-
bital (50 mg/kg i.p.) and perfused with fixative, 1% para-
formaldehyde in 0.05 mol/L citrate buffer, pH 3.515 40
minutes after the onset of the challenge.

In late-phase experiments, unanesthetized rats were

challenged with ovalbumin, as above, and then allowed
to wait for various intervals before anesthesia. Evans blue

was injected i.v., and 30 minutes later the rats were
perfused with fixative. The perfusion occurred 1, 2, 4, 6,
8, or 24 hours after the end of the challenge.15 After the
perfusion, the tracheas were dissected, blotted, and
weighed. Evans blue was extracted, measured with a
spectrophotometer, and expressed as nanograms of dye
per milligram of tracheal tissue.15

Identification of Leaky Vessels

Monastral blue was injected 10 minutes before fixation to
mark sites of plasma leakage.18 Rats were challenged
and, 10 minutes later or at the peak of late-phase leakage
4 hours later, were perfused for 5 minutes with fixative
(1% paraformaldehyde and 0.5% glutaraldehyde in
phosphate-buffered saline, pH 7.4). After fixation, tra-
cheal blood vessels were stained with biotinylated con-
canavalin A lectin (Vector Laboratories, Burlingame, CA)
and visualized using a peroxidase-diaminobenzidine re-
action. 16 Tracheas were dehydrated in ethanol, cleared
in toluene, and prepared as flat whole mounts.
The area density of extravasated Monastral blue was

measured in vessel walls in five to six tracheas per group.
Live video images of lectin-stained vessels from a micro-
scope (Zeiss Axiophot) equipped with a 40x NA 1.0
objective lens and a color video camera (Sony 3 CCD
model DXC 755) were projected on a video monitor. The
number of pixels within an 80 x 80 pixel square (corre-
sponding to 20 x 20 ,um region of vessel wall) that fell
within the color threshold of Monastral blue was deter-
mined using a Videometric 150 imaging system (Oncor,
Gaithersburg, MD). Threshold values of hue, luminosity,
and saturation were set to include only Monastral blue.
The amount of Monastral blue was expressed as the
percentage of pixels that fell within the threshold for
Monastral blue. The diameter of each vessel was also
measured. In each trachea, the amount of extravasated
Monastral blue was assessed in 10 mucosal vessels in
each of six categories (arterioles, capillaries, postcapil-
lary venules (<20 ,um or 20 to 40 ,tm), and collecting
venules (40 to 60 ,tm or >60 ,um in diameter)).

Identification and Quantification of
Endothelial Gaps

Scanning Electron Microscopy

The ultrastructure of the endothelial surface of tracheal
blood vessels was examined by scanning EM. At 10
minutes or 4 hours after antigen challenge, the vascula-
ture was perfused with fixative (1% paraformaldehyde
and 0.5% glutaraldehyde in 0.075 mol/L cacodylate
buffer, pH 7.4) for 5 minutes.17'18 Tracheas were embed-
ded in agarose and cut with a Vibratome into 100-,um-
thick cross sections to expose the lumen of vessels. The
sections were prepared for scanning EM and were ob-
served with a JSM 840A scanning electron micro-
scope.
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Silver Nitrate Staining

At 10 minutes or 4 hours after antigen challenge, the
vasculature was perfused with fixative (1% paraformal-
dehyde and 0.5% glutaraldehyde in 0.075 mol/L cacody-
late buffer, pH 7.4) for 5 minutes. Monastral blue was
injected 10 minutes before fixation to mark sites of
plasma leakage. After fixation, the endothelial cells were
stained with silver nitrate, and tracheas were prepared as
flat whole mounts."0 The number of endothelial gaps was
inferred from the number of focal, dot-like silver deposits
along the silver lines at endothelial borders after silver
nitrate staining."0 The number of silver dots per cell was
determined for 25 silver-stained endothelial cells each in
postcapillary venules (<40 ,m in diameter) and in col-
lecting venules (>40 ,tm in diameter) in six tracheas per
group at a projected magnification of x3700. The diam-
eter of 25 silver dots was measured in each of four
late-phase tracheas at a projected magnification of
x7100. The size and shape of 100 consecutive endothe-
lial gaps in early and in late phase specimens was also
assessed in scanning EM micrographs at magnifications
of x2000 tox10,000.1 7

Identification and Quantification of Adherent
Intravascular Leukocytes

Adherent leukocytes were identified and counted in lec-
tin-stained blood vessels. Neutrophils were identified by
their golden-brown peroxidase-positive cytoplasmic
granules, eosinophils by their large size and distinctive
dark brown peroxidase-positive granules, monocytes by
their large size, ameboid shape, and absence of granular
staining, and lymphocytes by their small size, spherical
shape, and absence of granular staining.'5 Leukocyte
densities were expressed as number of cells per square
millimeter of mucosal surface or per square millimeter of
endothelial surface.

Migrating leukocytes, which appear as silver rings at
endothelial cell borders,10 were counted for 25 silver-
stained endothelial cells each in postcapillary venules
(<40 ,im in diameter) and in collecting venules (>40 ,um
in diameter) in six tracheas per group at a projected
magnification of x3700. The number of silver rings coin-
cident with silver dots (endothelial gaps) was also re-
corded. The diameter of 25 silver rings and 25 leukocytes
was measured in each of four silver-nitrate-stained late-
phase tracheas at a projected magnification of x7100.
The relationship between leukocytes and endothelium
was also assessed by scanning EM at magnifications of
x 2000 to x 10,000.

Statistical Analysis
Values are presented as means + SE (n = 6 unless
otherwise indicated). The significance of differences be-
tween groups was determined by analysis of variance
followed by Scheffe's F-test for multiple comparisons.
Population distributions of plasma leakage, endothelial
gaps, and migrating leukocytes in venules of different
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size were compared by the Kolmogorov-Smirnov two-
sample test. Differences were considered significant
when P < 0.05.

Results

Baseline plasma leakage was approximately the same in
Wistar, Brown Norway, Lewis, and F344 rats, but the
leakage 4 hours after ovalbumin challenge was nearly
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Figure 4. Comparison of amounts of early- and late-phase leakage of Mo-
nastral blue from venules of different sizes after ovalbumin challenge in
tracheal mucosa between cartilage rings in sensitized Wistar rats. Values are

means + SE; n = 4 to 6 rats per group.

twice as much in Wistar rats as in the other strains (Figure
1). Based on these results, we used Wistar rats for all
additional studies.

Time Course of Plasma Leakage after
Ovalbumin Challenge
There were two peaks in Evans blue leakage after ovalbu-
min challenge (Figure 2). The first peak occurred during
the challenge and was designated the early phase. This
peak (67.4 ± 0.7 ng/mg) was approximately 4 times the
baseline leakage in unsensitized, unchallenged Wistar
rats (15.8 ± 1.4 ng/mg). The leakage was less at 1 hour
and close to baseline at 2 hours after the challenge
(Figure 2). The second peak occurred 4 hours after chal-
lenge. The leakage at 4 hours (53.7 ± 7.7 ng/mg) was

approximately 80% of the early-phase peak, but it was
part of a more prolonged phase of leakage, which
was still present at 6 hours. There was less leakage at 8
hours and none above baseline at 24 hours (Figure 2).
Leakage was not significantly different from baseline in
rats that were challenged but not sensitized (14.5 ± 1.3
ng/mg at 4 hours) or were sensitized but not challenged
(16.3 ± 2.2 ng/mg).

Identification of Leaky Vessels after
Ovalbumin Challenge

Baseline and Early-Phase Leakage

Under baseline conditions, no extravasated Monastral
blue was detected in the tracheal vasculature, as visual-
ized by lectin staining (Figure 3A). However, at 10 min-
utes after the challenge, the walls of some mucosal
venules between the cartilage rings had scattered re-
gions of extravasated Monastral blue (Figure 3B). Post-
capillary venules 20 to 40 ,Lm in diameter had the most
labeling; collecting venules of all sizes had much less
(Figures 3, B and C, and 4A). The amount of Monastral
blue leakage varied widely among individual vessels and
among rats. Postcapillary venules in the posterior mem-
brane of the rostral trachea (Figure 3C) were more heavily
labeled than those between the cartilage rings, and in
some regions the extravasated tracer was sufficiently
abundant to be visible to the naked eye. No Monastral
blue labeling was found in the walls of arterioles or cap-
illaries in either region of the trachea.

Late-Phase Leakage

At 4 hours after challenge, postcapillary venules 20 to
40 Am in diameter located in the mucosa between the
cartilage rings had the most intense Monastral blue la-
beling (Figures 3, D and E, and 4B). Larger venules were

Figure 3. Monastral blue leakage in tracheas of control and ovalbumin-sensitized and challenged Wistar rats. Blood vessels were stained by vascular perfusion
of biotinylated concanavalin A lectin and viewed from the luminal surface of tracheal whole mounts. A: Vessels in mucosa between cartilage rings of unsensitized,
unchallenged rat. No leakage of Monastral blue and few intravascular leukocytes (arrows) are evident. B: Early-phase leakage of Monastral blue from postcapillary
venules (arrows) in mucosa between cartilage rings. Scattered clusters of extravasated erythrocytes are also evident (double arrows). C: Extensive leakage of
Monastral blue from postcapillary venules (arrows) in mucosa of posterior membrane during the challenge (early phase). D: Scattered regions of late phase (4
hours) leakage of Monastral blue from postcapillary venules (arrows) in mucosa between cartilage rings. Intravascular and extravascular leukocytes are abundant.
E: Late-phase (4 hours) leakage of Monastral blue (arrows) from small postcapillary venule. No adherent leukocytes are present. F: Many adherent leukocytes,
predominantly neutrophils, but no extravasated Monastral blue in collecting venule at 4 hours. Scale bar, 80 ,tm (A to D) and 10 Azm (E and F).
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sparsely labeled (Figures 3F and 4B). The average

amount of Monastral blue labeling was approximately the
same as in the early phase (Figure 4B), but venules in the
mucosa over the posterior membrane had much less
labeling than in the early phase.

Identification and Quantification of
Endothelial Gaps

Baseline

When viewed by scanning EM, most endothelial cells
of venules in unsensitized, unchallenged rats had a
smooth surface. The endothelial borders were unruffled,
junctions between cells appeared to be tightly apposed,
and no endothelial gaps were observed (Figure 5, A and
B). Consistent with these findings, the borders of endo-
thelial cells stained with silver nitrate were outlined by
continuous black lines (Figure 6A), and the number of
silver dots at cell borders was practically zero (0.03
0.02 silver dots per endothelial cell for all venules).

Early-Phase Leakage

At 10 minutes after challenge, endothelial cell borders
of venules examined by scanning EM were ruffled and
irregular and had focal intercellular gaps (Figure 5C).
These gaps, termed vertical gaps, were similar to those
seen 1 minute after exposure to substance P.17 Most of
these gaps exposed the basement membrane or an un-

derlying cell (Figure 5, C and D). The gaps were roughly
oval (major axis, 0.76 ± 0.03 gm; n = 85 gaps) and
usually were oriented perpendicular to the endothelial
cell border. Some of the larger openings were partitioned
into multiple gaps by finger-like cytoplasmic processes
up to 2.5 ,um long (Figure 5D). Other endothelial cell
junctions were separated by crescent-shaped, obliquely
oriented slits between the overlapping endothelial cell
borders (Figure 5, E and F). The basement membrane
was not visible through these gaps. Such gaps, termed
oblique slits,17 averaged 1.27 ± 0.24 ,um in length (n =

15 slits). The width of the separation at slits could not be
measured reliably (Figure 5, E and F). Eighty-five percent
of the gaps were of the vertical type and fifteen percent
were oblique slits (n = 100 gaps). No gaps were seen in
the endothelium of arterioles, and no transcellular holes
were found in the endothelium of any vessels.

After silver nitrate staining, silver dots (1.2 ± 0.06 ,um
in diameter) were visible at the borders of some endo-
thelial cells in regions of Monastral blue labeling (Figure
6B). Significantly more dots were found in postcapillary
venules (20 to 40 ,um in diameter) in the posterior mem-
brane than in the corresponding venules between the

cartilage rings (7.3 ± 0.9 versus 3.7 ± 0.2 silver dots per
endothelial cell).

Late-Phase Leakage

In venules examined by scanning EM 4 hours after
challenge, endothelial cell borders were more ruffled
than in baseline controls, but they were less ruffled than
in the early phase (Figure 7, A and B). Also, endothelial
gaps were less numerous than in the early phase. Only
30% were vertical gaps; the remainder (70%) were
oblique slits (Figure 7, B-E; n = 100 gaps). The average
sizes of vertical gaps (0.64 ± 0.06 ,um) and oblique slits
(1.36 ± 0.11 ,um) were not significantly different from
corresponding values for the early phase. None of the
large gaps were partitioned by finger-like processes.

In late-phase specimens stained with silver nitrate, as
in the early phase, silver dots were most numerous in
postcapillary venules 20 to 40 ,um in diameter (Figures
6C and 8B). Silver dots were equally common in the early
and late phase (3.7 ± 0.2 versus 3.8 ± 0.3 silver dots per
endothelial cell, respectively, in venules located between
the cartilage rings).

Disassociation ofAdherent Intravascular
Leukocytes and Sites of Leakage

Baseline

Relatively few lectin-stained leukocytes were found in
tracheal blood vessels of unsensitized, unchallenged
Wistar rats (Figure 3A). Most of the adherent leukocytes
were monocytes and lymphocytes, and these were lo-
cated predominantly in collecting venules (Figure 3A and
Table 1).

Late Phase

Four hours after ovalbumin challenge the total number
of adherent leukocytes was almost 4 times the baseline
value. This difference was mainly due to a 200-fold in-
crease in the number of neutrophils, with a percentage
increase from 1% to 57%. There was also an 80-fold
increase in the number of adherent eosinophils. The num-
ber of adherent lymphocytes and monocytes did not
increase significantly (Table 1). Adherent leukocytes
were scattered in postcapillary venules <20 ,um in diam-
eter (170 ± 41 leukocytes/mm2 of endothelium; Figure
3E) but were more than 10-fold as numerous in collecting
venules 40 to 60 ,um in diameter (1920 ± 197 leukocytes/
mm2 of endothelium; Figure 3F).

Figure 5. Scanning electron micrographs of the luminal surface of endothelium in tracheal venules of Wistar rats. A and B: Unsensitized, unchallenged rat.
Endothelial cell borders are relatively smooth and no intercellular gaps or adherent leukocytes are present. Box in A is enlarged in B. C to F: Fixation 10 minutes
after ovalbumin challenge of sensitized rat. C: Endothelial cell borders in postcapillary venule are irregular and punctuated by intercellular gaps. One group of
gaps in box in C is enlarged in D; arrow indicates platelet in gap. D: Finger-like endothelial cell processes subdivide an opening into multiple gaps. Basement
membrane (arrow) is visible through gap. E: Endothelium of collecting venule showing multiple oblique slit-like gaps (arrows) at endothelial cell margins. Several
leukocytes adhere to the endothelium, and one is migrating (double arrows). F: Enlargement of oblique slit-like gaps in box in E. Scale bar, 10 ,um (A, C, and
E) and 2 ,um (B, D, and F).
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The distribution of adherent lectin-stained leukocytes
was significantly different from the distribution of extrav-
asated Monastral blue in venules of different diameter
(Kolmogorov-Smirnov two-sample test, P < 0.05). In ad-
dition to the adherent intravascular leukocytes, many ex-
travascular leukocytes were scattered in the mucosa
(Figure 3D).

Relationship of Endothelial Gaps to Sites of
Leukocyte Migration

Baseline and Early Phase

More adherent cells were found by scanning EM and in
silver-nitrate-stained preparations at 10 minutes after
ovalbumin challenge than under baseline conditions (Fig-
ure 5E). In addition to the spherical cells scattered over
the endothelium, numerous elongated or tear-shaped
leukocytes protruded through the endothelium at sites
marked by silver rings (1.2 ± 0.2 per endothelial cell; n =

6 rats), representing putative sites of leukocyte migration
(Figure 6, D and E). Such silver rings were rare under
baseline conditions (0.08 ± 0.02 silver rings per endo-
thelial cell). Silver rings (diameter, 3.7 ± 0.3 ,um; n = 4
rats), which were significantly smaller than the leukocytes
(diameter, 6.3 ± 0.1 ,um; n = 4 rats), were most numer-
ous on collecting venules. Postcapillary venules <20 Am
in diameter had few silver rings (Figure 9A). Few endo-
thelial gaps marked by silver dots were associated with
leukocytes; only 6% of silver dots were located on silver
rings, and only 11% of the rings had silver dots.

Late Phase

Adherent leukocytes were abundant in vessels 4 hours
after ovalbumin challenge (Figure 7A). Sometimes, the
position of a leukocyte that had already migrated could
be detected as a bulge in the overlying endothelium
(Figure 7B). Most endothelial gaps examined by scan-
ning EM were not associated with adherent or migrating
leukocytes (Figure 7, C-E). Conversely, in most cases (27
of 36), no gaps were found next to migrating leukocytes.

Migrating leukocytes identified by silver rings at endo-
thelial cell borders were approximately as numerous in
the early phase as in the late phase (1.2 0.2 versus
1.6 ± 0.1 silver rings per endothelial cell, P = 0.4; Figure
6, D and E). As in the early phase, silver rings were
located preferentially on the larger venules (>40 ,um).
The smallest postcapillary venules had few silver rings,
none of which had silver dots (Figures 6C and 9B). Also,
there was no apparent relationship between the amount
of plasma leakage and the number of migrating leuko-

cytes in particular vessels, because extravasated Monas-
tral blue and the number of silver rings had significantly
different distributions in venules of different sizes (Figures
4B and 9B; Kolmogorov-Smirnov two-sample test, P <
0.05). Small amounts of extravasated Monastral blue
were found at or near some silver rings with silver dots
but not at rings without silver dots (Figure 6E).

Discussion
The present study addressed the time course, location,
and mechanism of antigen-induced plasma leakage in
rat airways. We found that antigen challenge resulted in
early and late phases of plasma leakage. The late-phase
leakage was much greater in Wistar rats than in Brown-
Norway, Lewis, or F344 rats. In both phases, the leakage
was greatest in postcapillary venules that contained nu-
merous endothelial gaps. Adherent and migrating leuko-
cytes were also abundant in the microvasculature, but
they were most numerous in collecting venules where
little leakage occurred. Thus, most of the leakage oc-
curred upstream to the sites of leukocyte migration.

Features of the Model
We were surprised to find that antigen exposure induced
much more late-phase plasma leakage in the airways of
sensitized Wistar rats than in Brown Norway, Lewis, or
F344 rats. Early-phase leakage and late-phase leukocyte
influx was also greater in Wistar rats than in our earlier
study in Brown Norway rats. Despite the differences in
magnitude, the time course of allergen-induced leakage
in Wistar rats was similar to what we found earlier in
Brown Norway rats.15 Most studies of late changes in
airflow resistance and cellular influx in rat airways have
used Brown Norway rats because of their large IgE re-
sponse.19-21 Our findings on leakage are consistent with
a report that late-phase plasma leakage induced by re-
peated challenges with Ascaris antigen is greater in
Wistar rats than in Brown Norway rats.22 A recent study of
late-phase leukocyte influx into the lungs of sensitized
rats reported large effects in ovalbumin-sensitized and
-challenged Brown Norway rats, but essentially no inflam-
mation was detected in F344 or Lewis rats5; Wistar rats
were not studied.

The sensitization procedure that we adopted in this
and a previous study15 was used because it promotes
the occurrence of late-phase reactions in rats, and it has
been widely used in studies of late-phase bronchocon-
striction and leukocyte influx.45 The composition of the
sensitization mixture and the route of administration may

Figure 6. Whole mounts of tracheas of Wistar rats. Blood vessels were stained by perfusion of silver nitrate, and leakage was detected by extravasation of
Monastral blue. A: Baseline conditions. No silver dots and no leakage of Monastral blue is seen. Arteriole is indicated by an arrow. Also seen is a venule containing
adherent leukocytes (arrowheads). B: Early-phase leakage (during the challenge) in postcapillary venule with endothelial gaps marked by silver dots (arrows).
Arteriole (arrowheads) with no leakage or silver dots is seen. C: Late-phase leakage (4 hours) of Monastral blue near silver dots (arrows) on a small venule. No
adherent leukocytes are seen. D: Many adherent leukocytes, visible as golden spherical cells (arrows), and several migrating leukocytes, visible as tear-shaped
cells protruding through silver rings (arrowheads), in collecting venule 4 hours after challenge. No extravasated Monastral blue is visible. E: Collecting venule
with small amount of Monastral blue leakage 4 hours after ovalbumin challenge. Most of the Monastral blue is near silver dots (endothelial gaps), not near silver
rings (migrating leukocytes). Arrows mark examples of silver dots associated with silver rings. Scale bar, 50 ,gm (A and B), 25 ,um (C and D), and 20 ,um (E).
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Figure 8. Number of endothelial gaps, visualized and quantified as silver dots
after silver nitrate staining, during the early and late phases of plasma leakage
after ovalbumin challenge in tracheal mucosa (between cartilage rings) in
sensitized Wistar rats. Values are means + SE; n = 4 to 6 rats per group.
P < 0.05 compared with <20- m-diameter venules.

critically affect the type of immune response produced.
For example, use of B. pertussis as an adjuvant favors the
production of interleukin-4 and the development of a
Th2/lgE-type response.23 Other reports have shown that
Wistar rats can produce significant amounts of specific
IgE in response to sensitization with ovalbumin by other
procedures,21,24,25 but additional studies are required to

measure changes in specific IgE and IgG under our
experimental conditions.

Although IgE and mast cells undoubtedly play a cen-
tral role in many allergic responses, they may not be the
entire story in some species.26 IgG, which Wistar rats
synthesize in significant amounts in response to anti-
gen,21 has been reported to be a low-affinity ligand for
mast cell high-affinity IgE receptors.27 Several other in-
terstrain differences could influence the magnitude of the
late-phase plasma leakage. Endogenous glucocorticoids
can affect the amounts of circulating antigen-specific
antibody21 and the magnitude of antigen-induced bron-
choconstriction28 and can reduce allergen-induced
plasma leakage.29 Unanesthetized rats of different
strains may exhibit different breathing patterns when
challenged,30 which may, in turn, affect the amount and
distribution of aerosolized antigen in the airways. Inter-
strain differences in the distribution of mast cells and
receptors for inflammatory mediators and the rate of re-
moval of extravasated plasma from tissue into the airway
lumen6 or lymphatics31 could also play a role. Presently,
there are few data on interstrain differences to shed light
on any of these possibilities.

In this study, our main focus was the mechanism of the
early- and late-phase plasma leakage. Thus, we did not
measure the amount of airway obstruction or mast cell
degranulation after ovalbumin challenge. Such experi-
ments might reveal additional aspects of the model and
how it relates to allergic airway responses in humans.
Furthermore, analysis of cytokine expression might sug-
gest reasons for the observed differences among rat
strains.

Identification of Leaky Vessels in Early- and
Late-Phase Leakage
The lectin staining technique allowed us to visualize the
vasculature of the entire trachea, and silver nitrate stain-
ing and scanning EM allowed us to localize and quantify
endothelial gaps. In combination with the extravasation of
Monastral blue, these techniques provide evidence that
plasma leaks mainly from postcapillary venules in both
the early phase and the late phase. The observation that
most of the leakage occurred in postcapillary venules
whereas the endothelial gaps were more uniformly dis-
tributed in venules of different sizes suggests that hemo-
dynamic driving forces play an important role in the leak-
age. Vessels that leaked in the early phase were similar to
those that leak in response to substance p.10,17 This is
not a surprise, as mast-cell-derived mediators, such as
histamine and 5-hydroxytryptamine, which are thought to
participate in the early phase,1' 2 act on postcapillary
venules.32 The distribution of leaky vessels in the early

Figure 7. Scanning electron micrographs of luminal surface of endothelium of tracheal venules 4 hours after ovalbumin challenge. A: Leukocytes are adherent
to the endothelium of a collecting venule in a Vibratome section through the entire thickness of tracheal wall (between cartilage rings) with epithelium uppermost.
Openings of several smaller venules are also visible in the collecting venule. Smaller vessels (arrows) are located just beneath the epithelium (arrows). Region
in box is enlarged in B. B: Migrating leukocytes (asterisks) elevate the overlying endothelium. Endothelial gaps (arrows) separate from adherent leukocytes. C:
Oblique slits (arrows) and small vertical gaps (arrowheads) between endothelial cells of postcapillary venule. D: Endothelial gaps (arrows) near finger-like
cytoplasmic processes but separated from adherent leukocytes and migrating leukocyte (asterisk). E: Enlargement of endothelial gaps (arrows) in D. Scale bar,
60 ,um (A), 10 ,um (B to D), and 2 ,um (E).



1474 Baluk et al
AJPJune 1998, Vol. 152, No. 6

Table 1. Adherent Leukocytes in Rat Tracheal Venules

Baseline 4 hours after ovalbumin challenge

Cells/mm2 % of total Cells/mm2 % of total

Neutrophils 7 ± 2 1.0 ± 0.3% 1437 ± 125* 56.5 ± 2.2%
Eosinophils 1 ± 0.3 0.16 ± 0.03% 80 ± 9* 3.1 ± 0.2%
Lymphocytes 241 ± 57 34.2 ± 4.6% 399 ± 55 15.6 ± 1.6%
Monocytes 302 ± 35 46.9 ± 7.1% 319 ± 47 12.8 ± 2.3%
Unidentified 121 ± 38 17.7 ± 4.6% 299 ± 14* 12.0 ± 1.0%
Total 672 ± 82 100% 2534 ± 159* 100%

Values are expressed as mean ± SE of leukocytes per mm2 of tracheal surface (n = 4 rats per group; *P < 0.05 compared with baseline).
Baseline values are from unsensitized, unchallenged Wistar rats. Challenged values are from sensitized Wistar rats challenged with ovalbumin for 30
minutes and fixed by vascular perfusion 4 hours later. Leukocytes were quantified in tracheal whole mounts after staining by vascular perfusion of
biotinylated concanavalin A lectin.

phase corresponded to the distribution of mast cells.33 In
particular, the leakage was greatest in the posterior mem-
brane, where mast cells are most numerous.33 This ob-
servation is consistent with the dependence of early-
phase responses on mast cell mediators.1
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Figure 9. Number of migrating leukocytes, visualized and quantified as silver
rings after silver nitrate staining, during early and late phases of plasma
leakage after ovalbumin challenge in tracheal mucosa (between cartilage
rings) of sensitized Wistar rats. Black bars, total silver rings, gray bars, silver
rings coincident with silver dots. Values are means + SE; n = 4 to 6 rats per
group. P < 0.05 compared with <20-,um-diameter venules.

The rat trachea is a convenient model for studying the
airway microvasculature. Essentially, it is a cylinder that
can be cut open and spread as a flat whole mount on a
standard microscope slide, so that all blood vessels and
leukocytes contained within are visualized in their en-
tirety. The rat trachea is similar in size to human intrapul-
monary airways that are thought to be the primary sites of
airway obstruction in asthma. The rat extrapulmonary
bronchi behave in the same way as the trachea (unpub-
lished observations); future studies might reveal the
properties of the smaller intrapulmonary bronchi.

Plasma leakage and the resulting edema can contrib-
ute to airway hyperreactivity and obstruction. In the case
of massive edema, mechanical forces can cause airway
narrowing.7 Another possible mechanism that requires
further investigation is the possibility that plasma leakage
can trigger prolonged airway hyperreactivity and bron-
choconstriction by the formation and release of blood-
derived products such as bradykinin, complement, and
fibrin.6

The late-phase leakage after antigen exposure lasted
approximately 4 hours. In other conditions with prolonged
leakage, such as after severe mechanical or thermal
trauma, arterioles, capillaries, and venules can all leak.11
Capillaries in the skin and in skeletal muscle leak selec-
tively in the delayed, prolonged leakage observed after
mild thermal or ultraviolet light injury or after exposure to
certain bacterial toxins.' 134 Prolonged irritation can in-
duce plasma leakage from arterioles.3536 However, we
found no evidence for leakage from capillaries or arte-
rioles in the late phase under our experimental condi-
tions.

Role of Endothelial Gaps in Early- and
Late-Phase Plasma Leakage
Our scanning EM observations provided direct evidence
for the presence of endothelial gaps in both early- and
late-phase leakage. Endothelial gaps found after antigen
exposure were similar in appearance and size to those
seen after exposure to substance p.10,17118 Similarly, the
silver dots observed at endothelial cell borders after an-
tigen exposure were indistinguishable from those present
after exposure to substance P and have been shown to
mark the location of endothelial gaps. 10,17,18 In the re-
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gions of the tracheal mucosa between the cartilages, the
number of endothelial gaps indicated by silver nitrate
staining was not significantly different in the early-phase
and late-phase responses. However, in the posterior
membrane, the number of gaps in the early phase greatly
exceeded that in the late phase. The posterior membrane
constitutes approximately 25% of the trachea, but we did
not determine how much each of these regions contrib-
uted to the overall leakage assessed by Evans blue.

Endothelial gaps present in the early and late phase
were indistinguishable when viewed by silver nitrate
staining, but some differences were evident by scanning
EM. Gaps were more conspicuous in the early phase,
because more vertical gaps were present, and the base-
ment membrane was visible through these openings.
Similar vertical gaps are present in the initial stage of the
response to substance P, when leakage is maximal.17,18
By comparison, during the late phase, many endothelial
gaps resembled the oblique slits that predominate when
the response to substance P is subsiding. As the under-
lying basement membrane was not visible through the
oblique gaps, we could not verify whether these struc-
tures were open conduits for plasma leakage.

Role of Leukocytes and Other Factors in
Late-Phase Leakage
Among the leukocytes that adhered to vasculature in the
late phase in Wistar rats, neutrophils were most abundant
by far. Although the number of eosinophils increased
80-fold, these cells constituted only 3% of the adherent
leukocytes. These observations are in agreement with
previous reports of leukocytes in the tissue5'15'37 and in
BAL fluid of Brown Norway rats.453839 In the present
study, we focused on adherent or migrating leukocytes
because they seemed more likely to affect endothelial
permeability than leukocytes that had already migrated
into the tissue or airway lumen.

Although late-phase responses in general are believed
to be dependent on leukocytes,1'2 the exact relationship
of these cells to microvascular leakage is not clear. To
our knowledge, this issue has not been investigated in
the respiratory tract, although cell depletion studies sug-
gest that late-phase bronchoconstriction is leukocyte de-
pendent.2 In antigen-induced plasma leakage in the skin,
the early-phase leakage is dependent on mast cells, and
the late phase leakage requires both mast cells and
neutrophils.8'40

Our morphological analysis revealed several features
of antigen-induced late-phase plasma leakage in the air-
ways. First, the leakage coincided with regions where
endothelial gaps were abundant. Second, most of the
leakage occurred upstream of the main sites of leukocyte
migration. It has been known for many years that leuko-
cytes can emigrate from blood vessels in skin without an
accompanying leakage of particulate tracer.41 Further-
more, ultrastructural studies of the hamster cheek pouch
have shown that neutrophils can pass through the endo-
thelium without any significant escape of plasma.42

Additional studies are necessary to determine the sig-
nificance of the silver dots that coincided with some silver
rings at points of leukocyte diapedesis. Although little
Monastral blue was found at these sites, we cannot ex-
clude the presence of some plasma leakage.

In addition to creating a potential hole in the endothe-
lium during diapedesis, leukocytes may trigger plasma
leakage by releasing inflammatory mediators that induce
the formation of endothelial gaps.3'37 Why plasma leak-
age and leukocyte migration occur in different regions of
the microvasculature is not clear. Differences in endothe-
lial cell phenotype, as evidenced by the heterogeneous
distribution of receptors or adhesion molecules, and dif-
ferences in hydrostatic pressure gradient, blood flow, or
shear forces may contribute.

In comparing the present investigation with previous
studies of late-phase responses in rats,15 it appears that
the peak of late-phase plasma leakage at 4 to 6 hours
coincides with or precedes the peak of airway respon-
siveness, which is typically at 8 hours.43 The peak of
late-phase leakage also occurs near the peak of neutro-
phil influx into the tissue or airway lumen4'5'39 but pre-
cedes the peak of eosinophil influx at 72 hours.5'39 This
timing is consistent with other evidence from depletion
studies that neutrophils participate in late-phase plasma
leakage8 but that eosinophils are probably too few and
too late to have a major effect on leakage.

Conclusions
We conclude that the antigen challenge induces early
and late phases of plasma leakage in the respiratory tract
of rats. In both phases, postcapillary venules are the
predominant source of leakage. Endothelial gaps are
abundant in the leaky vessels, but most of the leukocyte
adhesion and migration occurs downstream in collecting
venules. Endothelial gaps that form in response to anti-
gen resemble the gaps that form after exposure to hista-
mine, serotonin, or substance P.
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